Cell-penetrating peptides (CPPs) are capable of introducing a wide range of cargoes into living cells. Descriptions of the internalization process vary from energy-independent cell penetration of membranes to endocytic uptake. To elucidate whether the mechanism of entry of CPP constructs might be influenced by the properties of the cargo, we used time lapse confocal microscopy analysis of living mammalian cells to directly compare the uptake of the wellstudied CPP TAT fused to a protein (>50 amino acids) or peptide (<50 amino acids) cargo. We also analyzed various constructs for their subcellular distribution and mobility after the internalization event. TAT fusion proteins were taken up largely into cytoplasmic vesicles whereas peptides fused to TAT entered the cell in a rapid manner that was dependent on membrane poten- 
The phenomenon of transduction denotes the sizeindependent in vivo delivery of a wide variety of cargoes into cells and is mediated by cell-penetrating peptides (CPPs). Although the internalization of fluorophores, nucleotides, peptides, globular proteins, nanoparticles, lipids, and drugs interconnected to CPPs into living cells has been described in the literature and resulted in measurable biological effects (1) , the reported transduction experiments need to be critically evaluated in terms of the invasiveness of the detection methods utilized (2) . Most known CPPs are parts of viral proteins or artificial derivatives thereof, and include several arginines and/or lysines (reviewed in ref. 3) . One of the best-studied CPP is a basic amino acid peptide from the transactivator of transcription (TAT) protein of the HIV-1 with the minimal transduction domain comprising amino acids 48 -57 (4) . The initializing step in the mechanism of cellular entry of CPPs is thought to be the strong ionic interaction between the positively charged amino acid residues and negatively charged plasma membrane constituents (5) (6) (7) . Among the cationic groups mediating cellular uptake, the guanidinium group of arginine has been shown to be the most effective (8 -10) . Subsequent events needed for the internalization, however, differ between reports and are often conflicting. The first mechanistic studies led to the proposal that CPP internalization occurs rapidly in a receptor-and energy-independent manner (6, 9, 11-13) perhaps by destabilizing the lipid bilayer or by the formation of inverted micelles with subsequent release of their contents within the intracellular space (reviewed in ref. 14) . More recently, an active mechanism based on vesicular uptake has been proposed as the general mode of internalization of CPP constructs into cells (15) (16) (17) (18) (19) .
To understand whether the mechanism of entry is dependent on the cargo connected to the CPP, we directly compared TAT fused to globular proteins and TAT-containing peptides with respect to their uptake kinetics and their intracellular distribution after internalization in living cells. Transduced constructs were also analyzed for their ability to reach their targets inside the cell and to exert their biological activity.
MATERIALS AND METHODS

Peptides and proteins
Peptides (complete description in Table 1 ) were synthesized by Biosyntan GmbH (Berlin, Germany), Peptide Specialty Laboratories (Heidelberg, Germany), and Bachem (Weil am Rhein, Germany). The PCNA binding domain (PBD) peptide TAT-p21-PBD is derived from human p21 WAF/Cip (20) and the Lig1-PBD as well as TAT-Lig1-PBD from mouse DNA Ligase I (21, 22) . The peptides were analyzed by HPLC a second time at the end of the experiments to assure their stability under the storage conditions. The pI of the peptides was calculated using the program ProtParam (http://au. expasy.org/cgi-bin/protparam). His-NLS-TAT-Cre-recombinase (TAT-Cre) protein was produced, purified (23) , and labeled with Alexa Fluor 633 or rhodamine as described (24) . BL21(DE3) cells (Novagen, Madison, WI, USA) were used for production of His-PTD 4 -PCNA. Bacterial cultures were grown at 37°C until early-mid log phase and expression was induced by addition of 1 mM IPTG. Cells were harvested 3 h after induction, lysed by lysozyme treatment and ultrasonification, and His-tagged protein purified to Ͼ95% purity from cell lysates by affinity chromatography using Talon resin material (BD Bioscience, Franklin Lakes, NJ, USA) according to the manufacturer's instructions. The purified protein was labeled with Atto 633 NHS ester (Fluka, St. Louis, MO, USA) in 0.1 M bicarbonate buffer pH 8.5, then further purified and rebuffered into PBS pH 7.4 over a G25-Sephadex column (Pharmacia, Cambridge, MA, USA). BL21(DE3) CodonPlus-RIL cells (Novagen) were used to produce His-TAT-MK2 (MAPKAP kinase 2). Bacterial cultures were grown and induced as above, and harvested cells were disrupted by 2-fold homogenization at a 1000 bar with a SLM AMINCO FrenchPress (Spectronic Instruments, Leeds, UK). More than 98% pure protein was obtained from the lysates upon Talon affinity chromatography, as before (BD Bioscience). The purified protein was labeled with Cy5 NHS ester (Amersham Bioscience, Arlington Heights, IL, USA) in 0.1 M bicarbonate buffer pH 8.5, then further purified and rebuffered into PBS pH 7.4 over a G25-Sephadex column (Pharmacia). The Cy5-labeled streptavidin (Amersham) was incubated for 30 min prior to the experiments with NLS-biotin peptides at molar ratios of 1:1 for biotin and biotin binding sites at homotetrameric streptavidin. The streptavidin-coated Quantum dots 525 were obtained from Quantum dot Corp. (Hayward, CA, USA).
Cell culture
The C2C12 mouse myoblast cells and C2C12 mouse myoblasts stably transfected with GFP-PCNA as a fluorescent cell cycle marker were cultured as described (25, 26) . Flp 3T3 mouse fibroblasts were from Invitrogen (Carlsbad, CA, USA). 3T3-FDR1.2 Cre reporter cells (27) were cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal calf serum (Life Technologies, Inc., Grand Island, NY, USA). For live cell microscopy, cells were plated onto 4-or 8-well LabTek coverglass chambers (NalgeNunc, Rochester, NY, USA).
Transduction assays and inhibitor treatments
All peptide and protein transduction experiments, except for the Cre recombinase assay (see below), were performed exclusively with living cells plated on 4-or 8-well LabTek coverglass chambers using an objective heated to 37°C. For transduction experiments, the medium was removed and PBS with the different peptides or proteins was applied directly to the cells. After 10 min incubation, PBS was replaced with the growth medium. Usually uptake was studied continuously starting with the peptide application over a period of at least 2 h, followed by incubation of the cells at 37°C under humidified atmosphere until additional image collection. Transduction efficiencies of peptides were determined by counting the numbers of cells with or without nucleolar signals and internalization efficiencies of proteins by counting cells with or without intracellular vesicles directly on the fluorescence microscope in three fields of view, each containing ϳ50 cells, or by a similar analysis performed on low magnification overview images. Cell viability after peptide or protein application was monitored by their ability to undergo complete mitotic cell cycles and grow to confluency over a period of 24 to 48 h. Membrane integrity was ascertained by the Trypan blue exclusion assay. Cytochalasin D (Sigma, St. Louis, MO, USA) was dissolved to 10 mg/ml in DMSO and sodium azide (Sigma) to 10% (w/v) in ddH 2 O. Both stock solutions were adjusted to 1ϫPBS at the indicated final concentrations (Fig. 2) before being applied to living cells. The potassium buffer (Fig. 2 ) corresponds to PBS with all sodium-containing compounds substituted for the equivalent potassium-containing analogues. C2C12 mouse myoblasts were preincubated for the indicated times (t in Fig. 2 ) with different inhibitors in PBS or the potassium buffer. The TAT-containing peptide and protein were applied directly to the cells and mixed gently. For the potassium phosphate buffer experiment, the protein was dialyzed against the potassium buffer prior to application. After 10 min the cells were washed twice and incubated for another 20 -60 min (as annotated in the phase contrast images for each treatment) in DMEM medium, except for the potassium buffer treatment where the medium was replaced by potassium buffer. Transduction thresholds were determined by incubating C2C12 mouse myoblasts with CPP-containing peptides in medium at different concentrations ranging from 0.1 to 500 M for 1 h. The lowest peptide concentration leading to accumulation inside nucleoli was considered to be the transduction threshold from which transduction occurs.
Microinjection and bead loading
Intracellular delivery of the Lig1-PBD-F peptide was accomplished by bead loading using 100 m silica beads. The beads were washed first in ethanol, then in growth medium, and finally pipetted onto the medium of cells grown in a self-made culture dish with a coverglass bottom. The Lig1-PBD-F solution was added subsequently and the chamber was shaken a few times. The beads were removed for microscopic observation of the labeled cells. Microinjection of the NLS-biotin peptide complexed with streptavidin-Cy5 was performed using an Eppendorf microinjection and micromanipulation system mounted on a Zeiss LSM510Meta inverted microscope setup. The parameters for cytoplasmic microinjection were set to 0.7 s injection time with 15 fPa injection pressure.
Cre recombinase double reporter assay 3T3-FDR1.2 cells (27) were cultured to 50% confluency in 6-well plates. The pFDR reporter gene construct allows detection of bioactive Cre recombinase by switching from constitutive HcRed to GFP expression (Fig. 1 D) . For transduction, the cells were incubated with 2 M TAT-Cre protein diluted into a 50:50 mixture of PBS and DMEM for 3 h, washed once with PBS, then cultivated in normal medium. Fluorescence microscopy was performed 24 h after transduction.
Live cell assay for cell cycle inhibition
C2C12 mouse myoblasts stably expressing GFP-PCNA (26) were synchronized by mitotic shake-off and plated onto 8-well LabTek coverglass chambers. After becoming adherent, the number of cells that entered S-phase was counted and cells were transduced with fluorescently labeled TAT-p21-PBD, TAT-Lig1-PBD, and the unspecific TAT control peptide at 20 M concentration in PBS. 10 min later the solutions were aspirated, and the cells were washed twice with medium and kept in growth medium thereafter. The percentage of cells in S-phase was determined directly from the subnuclear focal pattern of GFP-PCNA by counting 10 fields of view at the indicated time points for each peptide. Data of three independent experiments were evaluated.
Microscopy, image acquisition, and analysis
Live cell microscopy was performed with a Zeiss LSM 510 Meta confocal setup mounted on an Axiovert 200 M inverted microscope using a 63 ϫ phase contrast plan apochromat oil objective NA1.4. For all acquisition settings, the main beam splitter was HFT UV/488/543/633. The parameters specific for each fluorochrome were: FITC, excited at 488 nm light, detected with a 500-530 nm bandpass (BP) filter; TAMRA or rhodamine excited with 543 nm, detected with 565-615 BP and Cy5 or Alexa633 excited at 633 nm and detected with a 650 nm longpass filter.
Image acquisition was done sequentially to minimize crosstalk between the fluorophores. Phase contrast images were recorded simultaneously with FITC/GFP fluorescence in the transmission channel. Fluorescence recovery after bleaching (FRAP) experiments (Fig. 3) was performed on a Zeiss LSM 5 Live confocal microscope with 100% power of a 75 mW DPSS 532 nm laser. The bleaching was performed in a stripe for 0.44 s, followed by a time series with 400 images recorded at 20 frames per second. Using the Zeiss LSM 510 software version 3.2, the mean fluorescence intensity in the bleached nucleoli and cytoplasm was determined over the time course and averaged for 10 cells. Fluorescence intensity was normalized to zero at the start of recovery and to one at equilibrium to directly compare the curves for both subcellular regions. The FRAP curves were generated with Origin 7 software.
RESULTS
Direct comparison of TAT-mediated peptide and protein uptake in living cells
To study the characteristics of TAT-mediated introduction of globular proteins into living cells, the rhodamine-labeled fusion protein R-TAT-Cre consisting of the CPP TAT moiety and the site-specific Cre recombinase of bacteriophage P1 (23) was applied onto C2C12 mouse myoblasts. As soon as the fluorescent solution was washed off (after 10 min of incubation), fluorescent vesicles emerging from the intracellular side of the plasma membrane were detectable by confocal microscopy ( Fig. 2A, upper panel) . After additional overnight cultivation, all cells showed a substantial amount of internalized protein stored in vesicles, but release of the protein from the vesicles could not be detected by this method (Fig. 2A, lower panel) . Other recombinant proteins showed identical trapping in cytoplasmic vesicles (data not shown) independent of 1) which short basic CPP they were fused to, 2) the fluorophore they were conjugated to, and 3) their known subcellular localization. For instance the nuclear protein His-PTD 4 -PCNA (Atto 633-labeled) as well as the nuclear and cytoplasmic protein His-TAT-MK2 (Cy5-labeled) could only be detected inside cytoplasmic vesicles after internalization, and refused to localize at their targets during an observation period of up to 48 h. Proteins lacking a transduction domain could also be internalized in the same manner but the efficiency of internalization was shown to be much lower (23) . TAT-Cre was also tested at concentrations between 0.1 and 10 M with no difference in the uptake behavior (data not shown).
A recent report proposed that the uptake of proteins fused to TAT belongs to the class of rapid lipid raftmediated macropinocytosis and that the protein could be released from macropinosomes by cotransduction of the fusogenic peptide TAT-HA2 (17) . We therefore used TAT-HA2 (Table 1) solution, fluorescence signals had already become visible in the nucleoli; after exchange of the fluorescent solution against medium, a diffuse distribution throughout the cell, with accumulation in the nucleoli, could be detected (Fig. 2B , upper panel, arrowheads; see also supplemental movie) in addition to a few developing vesicles adjacent to the membranes. Over longer periods of observation, the diffuse population of the peptide in the cytoplasm, nucleoplasm, and nucleoli became markedly weaker, and in most of the cells vanished overnight. In stark contrast, the peptidecontaining cytoplasmic vesicles seemed to be unaffected and their number increased overnight, resulting in a vesicular ring concentrated around the nucleus (Fig. 2B, lower panel) . The diffusely distributed fraction of the transduced peptide was detected in ϳ90% of the cells (Table 1) To directly compare the mode and kinetics of uptake of TAT peptides and globular proteins fused to TAT into cells and determine whether TAT-HA2 could drive release of the protein stored in macropinosomes, the Alexa Fluor 633-labeled TAT-Cre protein and the rhodamine-labeled TAT-HA2 peptide were applied simultaneously to living cells. The short-and long-term uptake characteristics for both species remained mostly unchanged (Fig. 2C) . Detectable TAT fusion protein was restricted to cytoplasmic vesicles whereas the TAT-HA2 peptide, besides being trapped into vesicles, was rapidly distributed throughout the entire cell. TAT-HA2 and TAT-Cre colocalized in the majority of cytoplasmic vesicles (Fig. 2C, yellow color in merged images) . Although both species intermingled substantially, a release of the TAT fusion protein from macropinosomes and entry into the nucleus could not be detected by this method. To test the presence of a low level of TAT-Cre within the nucleus, we used a far more sensitive reporter assay based on Cre-mediated recombination. Since sitespecific recombination provides a stable and unambigu- ous read-out for protein transduction (23, 29 -31 ), we used a NIH-3T3 Cre reporter cell line containing a stably integrated gene cassette consisting of a constitutively expressed HcRed gene, followed by a nonexpressed GFP gene. Upon Cre recombinase-mediated site-specific recombination, excision of the HcRed gene takes place with concomitant expression of the GFP gene ( Fig. 2D ; L. Nolden and F. Edenhofer, personal communication). Using this more sensitive assay, several cells within the culture exhibited GFP expression upon incubation with TAT-Cre overnight (Fig 2D) . These data indicate that a low level of TAT-Cre below the detection range of confocal microscopy was biologically available and could exert its enzymatic activity.
Different mode of entry of proteins and peptides fused to TAT in living cells
To test whether TAT fusion proteins and TAT-containing peptides use different routes of entry and can, as a result, be affected differently in their uptake by treatment with inhibitors, mouse myoblasts were preincubated with inhibitors or buffers, followed by simultaneous application of TAT-Cre and TAT-HA2 (as in Fig.  2C ). Subsequently, cells were washed twice and kept in the indicated buffer or medium with constant inhibitor concentration throughout the entire experiment.
Endocytosis requires the formation and migration of vesicles along the cytoskeleton. Therefore, constant concentrations of the F-actin depolymerizing drug cytochalasin D should delay or block internalization of the endocytosed TAT constructs at the membrane level (32, 33) . After cytochalasin D treatment, the TAT fusion protein and TAT-HA2 showed strong membrane association, but the diffused fraction of the TAT-HA2 peptide was still detectable inside the cells in nucleoli, albeit the transduction efficiency (as scored by the percentage of cells showing intracellular fluorescence) was reduced to half. All vesicular uptake was abolished (Fig. 1B) . Despite the round appearance of the cells indicative of the disruptive effect of the drug on the actin cytoskeleton, the membrane integrity was not decreased as assayed by Trypan blue exclusion (data not shown).
Endocytosis is an energy-consuming process and is therefore blocked by the metabolic inhibitor sodium azide. Accordingly, treatment with 10 mM sodium azide resulted in almost complete inhibition of the internalization of the TAT fusion protein (scored by the absence of intracellular vesicles), whereas the diffused population of the TAT-HA2 was still detected in about one-third of the cells (Fig. 1C) .
A recent report proposed that synthetic guanidinium-rich molecules traverse biological membranes by formation of lipophilic ion pairs between the guanidinium groups and abundant phosphate, sulfate, and carboxylate functions on the membrane surface, allowing cell entry by diffusion along the membrane potential and subsequent release of the positively charged CPP into the cytoplasm (5, 10) . The directionality of this process is achieved by the membrane potential and the latter can be efficiently reduced by addition of an isotonic buffer with potassium concentrations equivalent to those found intracellularly (34, 35) . We tested this hypothesis by preincubating the cells for 5 min with potassium-enriched, isotonic PBS and adding the peptide/protein solution in the same buffer. This treatment abolished the vesicular internalization of both TAT species. Furthermore, it resulted in strong inhibition of the uptake mode responsible for the intracellularly diffused fraction of TAT-HA2 (Fig. 1D) . In summary, in contrast to TAT fused to globular proteins, TAT fusion peptides transduce into cells by a different and very rapid mode that is dependent on the plasma membrane potential. We therefore further investigated the transduction potential and biological applicability of TAT fusion peptides.
Uptake and intracellular availability of TATcontaining peptides
In the first minutes of incubation, the TAT-HA2 peptide flooded into living cells and accumulated in nucleoli; later it was also localized in cytoplasmic vesicles (Fig. 2B, C) . To test whether these uptake characteristics were influenced by the HA2 moiety or instead were a general feature of TAT-mediated peptide internalization, several TAT peptide complexes were analyzed for their transduction behavior and intracellular distribution after internalization. Table 1 summarizes the peptides and their respective transduction efficiencies determined, as earlier, by counting the percentage of cells showing intracellular diffused fluorescence upon 10 min incubation with the indicated peptide concentrations and analyzed by confocal microscopy of living cells. The most efficient peptide was the 11 amino acid TAT peptide covalently linked to either a FITC (F) or a rhodamine (R) fluorophore, which was transduced into 90% of all cells at 1 M concentration within the first 3 min of observation. The fluorescent signal appeared diffused in the cytoplasm and nucleoplasm and showed strong accumulation of the labeled peptide in nucleoli (Fig. 3A) . To test whether the nucleoli accumulation was due to the TAT moiety, we used non-TATcontaining peptides (Lig1-PBD in Fig. 3B and NLSbiotin peptide complexed with streptavidin-Cy5 [data not shown]) and delivered them into the cytoplasm using either bead loading or microinjection. Both peptides were stable intracellularly and able to enter the nucleus, but were not accumulated in the nucleoli (Fig. 3B and data not shown) . The same Lig1-PBD peptide fused to TAT (TAT-Lig1-PBD) transduced into cells and again showed nucleolar localization (Fig 3B) , indicating that the nucleolar localization is dependent on the TAT characteristics. We investigated other reported CPPs-namely, PTD4 (36)-which showed only detectable uptake (Table 1) at very high concentrations (400 M). This suggests that nucleolar association is mediated by the high concentration of positive charges due to arginine and lysine residues.
Since TAT fusion peptides exhibited accumulation in the nucleolar compartment whereas the cargo peptide or protein may perform its function in a different subcellular compartment, we tested the overall bioavailability of cargoes connected to TAT by directly measuring the mobility in living cells using fluorescence photobleaching analysis. Cells transduced with a TATcontaining peptide (TAT-p21-PBD, Table 1) were imaged, and a rectangular region was selected to include one nucleolus and a stripe of cytoplasm. The peptide fluorescence in this stripe was subsequently photobleached with a high intensity laser beam, and redistribution of fluorescence was measured over time until full equilibrium was regained. The peptide intensity distribution before (prebleach), immediately after (postbleach), and at full recovery (postrecovery) is shown in representative false color images in Fig. 3C . The recovery of fluorescence in the bleached region indicates the mobility of peptides from unbleached cellular regions into the bleached area, and therefore is a direct measure of peptide mobility in the living cells. The kinetics of recovery (Fig. 3D) indicated that the peptides, although concentrated in the nucleoli, were mobile with a half-time of recovery of 1.98 and 1.17 s in the nucleoli and cytoplasm respectively. This kinetic difference between nucleoli and cytoplasm suggests binding of the TAT-PBD-p21 within the nucleoli. The high intracellular mobility of the TAT peptides raises the possibility of achieving successful biological effects despite the unfavorable subcellular accumulation.
Cell cycle inhibition by transduced PCNA binding peptides
To directly test whether the transduced TAT peptides in view of their high mobility could be effective in reaching their intracellular targets and exerting a biological effect, we used fusions of TAT with two different peptides comprising the proliferating cell nuclear antigen (PCNA) binding domain (PBD) of p21 WAF/CIP and DNA Ligase 1 (Table 1) . These two peptides have been shown to bind to PCNA (20, 22) . We reasoned that since several PCNA interacting proteins required for S-phase progression utilize the same binding interface on the surface of PCNA, competition for binding should ensue and inhibition of cell cycle progression would be expected. Mouse myoblasts stably expressing the cell cycle progression marker GFP-PCNA (26) were synchronized in the G 1 phase of the cell cycle by mitotic shake off. After becoming adherent, the G1 synchronized cells were incubated for 10 min with either of these two TAT-PBD peptides as well as a control TAT fusion peptide (37) . After washing, peptide uptake efficiency was controlled for by counting the percentage of cells showing intracellular peptide fluorescent signal as before. At different times thereafter, the ability of cells to progress into S-phase was determined by counting the number of S-phase cells scored by the characteristic focal GFP-PCNA subnuclear distribution pattern (see green subnuclear signal in the examples shown in images in Fig. 4 and ref. 26) Fig. 4 . While 70% control cells and cells incubated with TAT control peptide were in S-phase 6 h after peptide incubation, only ϳ40% TAT-PBD-treated cells entered S-phase within the same time. This inhibition is even more noteworthy if one considers that the peptides were incubated with the cells for only 10 min, after which they were washed away. Toxic effects were not detected by either the Trypan blue exclusion test or by changes in cell morphology. These data demonstrate that both TAT-PBD peptides were bioactive and capable of decelerating cell cycle progression despite the short incubation time and their accumulation in the nucleolus (see also red fluorescence peptide signal in the images in Fig. 4 ).
DISCUSSION
Although it is generally agreed that the first step in the internalization process of CPP-mediated transduction is the strong ionic interaction between the cationic CPP and negatively charged plasma membrane constituents (6, 15, 38) , subsequent steps for CPP-induced cell entry differ in the recent literature and range from endocytic (15, 19) to a rapid and energy-independent process (6, 12) . Most studies so far have used fixed cell analysis, which has been shown to result in artificial internaliza- Figure 4 . Effect of transduced PBD-containing TAT peptides on cell cycle progression. After mitotic shake-off, GFP-PCNAexpressing mouse myoblasts were allowed to attach and were incubated with different peptides (20 M) for 10 min, followed by washing and a change to growth medium. The percentage of S-phase cells was determined at various time points by the subnuclear replication foci pattern of GFP-PCNA. Representative confocal microscopy images of mouse myoblasts transduced with the TAMRA-labeled TAT-p21-PBD peptide (red) show either a diffused distribution of GFP-PCNA (green) in the nucleus, indicating G1-or G2-phase or focal GFP-PCNA labeling of replication foci during early, mid and late S-phase. Data points of three independent experiments were fitted logarithmically. Control cells, pink squares; TAT control peptide, green spheres; TAT-Lig1-PBD peptide, yellow triangles; and TAT-p21-PBD peptide, blue diamonds. tion of CPP-containing constructs. In this work we used exclusively live cell analysis and tested whether the mode of entry is dependent on the cargo connected to the CPP and what the fate and bioavailability of the transduced peptides is.
By directly comparing the uptake of TAT connected to peptides and globular proteins into living cells, we found that the mechanism of entry depends on the size of the cargo fused to TAT. The major fraction of TAT-containing proteins or peptides was taken up into living cells by distinct modes, with the proteins mostly ending up in cytoplasmic vesicles and the peptides distributing throughout the cell and accumulating in the nucleoli (Fig. 2) .
The vesicular storage inside the cytoplasm was a general feature of different recombinant proteins fused to a CPP and was independent of protein function, CPP (data not shown), and fluorescent label ( Fig. 2A, C) . A small population of TAT fusion protein reached the cytosol and nucleus via a different pathway or leaked out from the vesicles, as we detected Cre recombination activity in the nuclei using an extremely sensitive and unambiguous reporter assay for TAT-Cre. This fraction of bioavailable TAT-Cre was not high enough, however, to be detected by direct confocal microscopy of the labeled TAT-Cre protein whereas the population trapped in vesicles was easily detectable. Furthermore, cotransduction of the fusogenic peptide TAT-HA2 (17) did not substantially increase the release of the different TAT fusion proteins from cytoplasmic vesicles as assayed by live cell confocal microscopy (Fig. 2C) .
Unlike CPP fusion proteins, TAT fusion peptides could be seen diffusely distributed throughout the cell and concentrated in nucleoli ( Fig. 2 and Table 1 ). Uptake occurred rapidly within 3-5 min after application of the TAT construct on living cells. Upon longer observation times, the diffusively distributed fraction of the TAT peptides disappeared and cytoplasmic vesicles containing the peptides became apparent, suggesting that the peptides were either redistributed or underwent an additional vesicular uptake.
In addition to different uptake kinetics and localization after internalization of proteins and peptides fused to CPPs, inhibitors of endocytosis efficiently blocked the vesicular uptake of both species while having a minor effect on the TAT peptide transduction (Fig. 1) , indicating that the latter does not depend on vesicle formation and/or traffic along the cytoskeleton. In fact, the only treatment capable of blocking not only the vesicular uptake of CPP-containing proteins and peptides, but also the rapid translocation of TAT peptides leading to a diffuse intracellular distribution, was incubation of the cells with a sodium-deficient isoosmolar buffer (Fig. 1) , indicating an alternative distinct cellular entry pathway based on membrane potential.
To understand which properties of cargoes fused to TAT allow the rapid membrane transduction, we compared the cellular entry of various TAT-containing constructs (Table 1) . Fluorescently labeled TAT had already appeared inside the nucleoli of 90% of living cells at a concentration of 1 M. The uptake efficiencies were decreased for TAT fusion peptides. By comparison, differences in the overall pI of TAT due to the addition of a cargo resulted only in minor effects on transduction efficiencies, whereas the amino acid composition of the CPP itself seemed to be more important. For instance, PTD 4 containing three arginines transduced into living cells only at concentrations of Ͼ400 M whereas TAT peptides with eight positive charges (six of them arginines) transduced quite efficiently in a range of 0.1-10 M (Table 1) . Most transduction efficiencies were tested for the CPP TAT at concentrations of 10 M and resulted in comparable high percentages of transduced cells. However, differences for individual peptides were found to be dependent on the concentration used; for instance, the TAT-HA2 peptide was already diffusively distributed inside cells at a concentration of 0.1 M, whereas for TAT-p21-PBD uptake was restricted to endocytosis below a concentration of 7.5 M, and only above 7.5 M did the peptide enter rapidly and appear in the nucleoli ( Table 1 ). The existence of such a concentration threshold can also explain conflicting reports assigning CPP-mediated membrane translocation to endocytosis (19, 39) or to an unknown mechanism, resulting in a homogeneous distribution in the whole cell (7) . Another parameter that should be taken into account is the stability of the transducible peptides themselves since it was shown that CPP peptides could be degraded by extra-and intracellular proteases (40) . However, we have not observed dramatic differences in the transduction efficiencies between TAT-HA2 consisting of D-amino acids and other potentially degradable peptides consisting of L-amino acids at comparable concentrations ( Table 1) .
The TAT-containing peptides exhibited a strong affinity to the nucleolar compartment, with a lower steady-state concentration in the rest of the cell. Alternatively, their enrichment in the nucleoli could be due to a higher viscosity in this subnuclear compartment. However, our fluorescence photobleaching results (Fig. 3) revealed that despite their accumulation in the nucleolus, TAT peptides were mobile and able to reach their targets in the nucleus and cytoplasm. Measurements of protein dynamics in the cell nucleus showed half recovery times of Ͻ3 s, and so the peptide dynamics measured for TAT-p21-PBD in nucleoli and cytoplasm (Ͻ2 s) can be considered to be similar (41) . As a direct test of their bioavailability, we investigated the cell cycle effects of TAT fusion to PBD peptides. PCNA forms a sliding clamp around DNA and plays a central role in DNA replication (reviewed in ref. 42) . Multiple factors required for DNA synthesis and cell cycle progression bind PCNA (20) via a consensus PBD Qxx(M/ L/I)xxF(Y/F) (43) . We fused two different PBD peptides to TAT and tested their effect on cell cycle progression using a novel live cell cycle progression assay. In fact, incubation of the cells with both peptides for as little as 10 min substantially inhibited cell cycle progression (Fig. 4) . These data clearly showed that, albeit accumulated in nucleoli, the peptides are fully able to reach their biological targets elsewhere in the cell and exert a biological effect.
In summary, our data indicate that the translocation of TAT-containing constructs through biomembranes takes place with high efficiency, but at least two functionally distinct mechanisms are involved. Complexes with a globular structure like TAT fused to Q-dots (Fig.  5) or TAT fusion proteins seem to be mostly restricted in their uptake to an endocytic mechanism that is associated with trapping in cytoplasmic vesicles. A minor fraction of internalized TAT fusion proteins, undetectable by confocal microscopy but sufficient to induce enzymatic activity, seems to escape vesicles in the cells. Besides being endocytosed, TAT-containing peptides have the ability to enter living cells by a different pathway. The exact underlying mechanism for this rapid translocation is unknown and could be explained by transient membrane perturbations (14) or lipophilic ion pair diffusion along the membrane potential (5, 10) . In general, increasing positive charge of the CPP itself and decreasing size of the cargo fused to the CPP allows rapid internalization to occur in addition to the slow process of adsorptive endocytosis (Fig. 5) . The latter implies that CPP-mediated uptake of globular proteins is restricted to cell types capable of endocytosis. CPP-containing peptides can rapidly transduce all cell types tested and, despite their high affinity to the nucleolus, transduced peptides have access to all intracellular compartments, thus making them an ideal tool for therapeutic applications. 
